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ABSTRACT

The purpose of this work was to develop a method for
calculating equilibrium concentrations for reversible liquid
phase reactions from a minimum of experimental data.

The

example reaction studied was the Diels Alder reaction
between 2-methyl furan and maleic anhydride.

Specifically,

interaction parameters of the UNIFAC model for groups in the
compounds 2 -methyl furan, maleic anhydride and the solvent,
p-dioxane, were determined.

The activity coefficient of

each substance was then predicted by the UNIFAC method.
Equilibrium constants at 45°C for the Diels Alder reaction
between 2-methyl furan and maleic anhydride were then calcu
lated from these activity coefficients and two previously
determined sets of equilibrium concentrations at 45°C.
These two equilibrium constants were within 12 % of each
other, which demonstrated the validity of the method.

Ill

ACKNOWLEDGEMENT

I

wish to express my appreciation to Dr. Bruce E.

Poling whose knowledge and guidence assisted me greatly
throughout this project.

Dr. Aage Fredenslund*s suggestion

to use a modified UNIFAC model should also be acknowledged.

iv
TABLE OF CONTENTS

Page
A B S T R A C T ......................................... .

ii

ACKNOWLEDGEMENT ........................................

iii

LIST OF

ILLUSTRATIONS.................................

vi

LIST OF

T A B L E S .......................................... vii

I. INTRODUCTION.....................................
..
II. LITERATURE REVIEW

1

..................................

3

A. REACTION OF MALEIC ANHYDRIDE AND 2-METHYL FURAN

3

B. UNIFAC GROUP CONTRIBUTION METHOD

...............

3

..................

3

1. Group Contribution Method

2. The UNIFAC M e t h o d .............................. 4
3. UNIFAC Parameters

...........................

C. EXPERIMENTAL ACTIVITY COEFFICIENT ...............
1. Gas Chromatographic Method

..................

2. Activity Coefficient In SaturatedSolution .
III.

R E S U L T S ....................................

9
9
12

14

A. ANALYSIS OF E X P E R I M E N T ................... ..

.

14

1. Activity Coefficients From GCD a t a .........

14

2. Saturated Activity Coefficients From
solubility D a t a ...........................

18

3. Prediction of Interaction Parameters. . . .

25

4. Calculation Of Equilibrium Constant . . . .

29

B. CONCLUSION AND D I S C U S S I O N .................
.
BIBLIOGRAPHY
VITA.
.

8

29

..........................................

45
47

V

A P P E N D I C E S ............................................
A. MODIFICATION OF COMPUTER

48

PROGRAM IN LITERATURE

48

B. THE COMPUTER P R O G R A M .........................

50

vi

LIST OF ILLUSTRATIONS
Figure

Page

1. Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalane and
acetic anhydride at 363.2°K ........................

32

2. Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalene and
acetic anhydride at 363.2°K ........................

33

3. Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalane and
furan at 347.2 ° K ..................................

34

4. Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalene and
2-methyl furan at 347.2°K .........................

35

5. Equilibrium mole fraction predicted by UNIFAC and
ideal solution theory vs. mole fraction dioxane (in
equilibrium mixture) for an equal number of moles
of maleic anhydride and 2-methyl furan at 45°C . .

41

6. Percent conversion of initial maleic anhydride (or
2-methyl furan) versus initial mole fraction of
d i o x a n e ............................................

42

7. Ratio of maleic anhydride (or 2-methyl furan)
conversion predicted by UNIFAC to that predicted
by ideal solution theory versus initial mole
fraction of p-dioxane .............................

43

VI1

LIST OF TABLES
Table

Page

I. Infinite Dilution Activity Coefficients of
Solute in Squalane from Gas Chromatography

...

16

II. Infinite Dilution Activity Coefficients of
Solute in Squalene from Gas Chromatography

...

17

Activity Coefficient of Acetic Anhydride in
Squalane at 363.1°K from the Flory Huggins
E q u a t i o n ........................................

19

IV. Activity Coefficient of Acetic Anhydride in
Squalene at 363.1°K from the Flory Huggins
E q u a t i o n ........................................

20

V. Activity Coefficient of Furan in Squalane at
347.1°K from the Flory Huggins Equation .........

21

VI. Activity Coefficient of Furan in Squalene at
363.1°K from the Flory Huggins Equation .........

22

VII. Activity Coefficient of 2-Methyl Furan in
Squalane at 347.1°K from the Flory Huggins
E q u a t i o n ........................................

23

III.

VIII.

Activity Coefficient of 2-Methyl Furan in
Squalene at 363.1°K from the Flory Huggins
E q u a t i o n ........................................

24

XI.

Thermodynamic Properties

26

XI.

Thermodynamic Properties(continue)

X.
XI.
XII.
XIII.

......................
..............

Solubility and SaturatedActivity Coefficients

27

.

28

Group Volume and Surface a r e a ...................

30

Interaction Parameters

31

.................

Experimental Mole Fraction [1] and Activity
Coefficient Calculated by UNIFAC for Equilibrium
System N o . 1 ....................................

36

XIV. Experimental Mole Fraction [1] and Activity
Coefficient Calculated by UNIFAC for Equilibrium
System N o . 2
....................................

37

XV.

Equilibrium Constant K

.........................

38

1

I.

INTRODUCTION

Diels Alder reactions are of the form A + B = C.

For a

reaction of this form, an equilibrium constant may be
defined as the chemical activity of the product divided by
the product of the reactant activities.

K

(1 )

aAaB

The activity of each component is the product of the equi
librium mole fraction and the activity coefficient.

The

equilibrium constant equation becomes
x.
K

(2 )

XAXB

*A*B

Thompson in his Ph.D dissertation [1] has measured the
equilibrium composition of the Diels Alder reaction between
maleic anhydride and 2-methyl furan in p-dioxane solution
using a calorimetric technique.

The new calorimetric tech

nique will allow direct measurement of the composition of
the reaction mixture even though the reaction product is
unstable.

This latter fact makes experimental determination

of equilibrium concentrations by normal analytical proce
dures difficult.

Thus, it is desirable to be able to

2

calculate equilibrium compositions at a variety of condi
tions from a minimum of experimental information.
study we illustarte a technique for doing this.

In this
In partic

ular, the UNIFAC model proposed by Fredenslund, Jones, and
Prausnitz [2] is used to calculate values for the activity
coefficients in equation (2).

From the measurements of

Thompson, a value for K, the equilibrium constant is then
obtained.

Finally, the K plus activity ceofficients at

other concentartions allow prediction of equilibrium compos
itions at various reactant ratios and amounts of solvent.
Prediction of activity coefficients with the UNIFAC
method requires three kinds of parameters.

They are volume,

and surface area parameters for each group, and interaction
parameters for each pair of groups.

Some of these parame

ters are not available for groups in the molecules, maleic
anhydride, 2-methyl furan ,and p-dioxane.

The purpose of

this work was to predict those parameters in order to calcu
late activity coefficients of each component, calculate the
equilibrium constant, and finally predict equilibrium
compositions at other concentrations of reacting species.

3

II.

A.

LITERATURE REVIEW

REACTION OF MALEIC ANHYDRIDE AND 2-METHYL FURAN

Olefins (and acetylenes) can react with conjugated
dienes to form six-membered rings containing one (or two)
double bonds.

The product is known as a Diels Alder adduct.

Maleic anhydride and 2-methyl furan are known to react
in a Diels Alder reaction forming the adduct 4-methyl7-oxabicyclo- heptene-exo-5,6-dicarboxilic acid anhydride.
2-methyl furan, having two unsaturated carbon bonds, is a
diene, and maleic anhydride serves as a dienophile.
Study of the reaction between furan and maleic anhy
dride has shown that the endo-adduct is predominent at low
temperature but on warming isomerizes to the exo-form[3].

B.

UNIFAC GROUP CONTRIBUTION METHOD

1.

Group Contribution Method

The basic idea of a

group contribution method is that whereas there are thou
sands of chemical compounds of interest in chemical technol
ogy, the number of functional groups which make up these
compounds is much smaller.

Therefore, if one assumes that a

physical property of a fluid is the sum of contributions
made by the molecule's functional groups, a technique is
obtained for correlating the properties of a very large

4

number of fluids in terms of a much smaller number of param
eters which characterize the contributions of individual
groups.

The fundamental assumption of a group contribution

method is additivity:

the contribution made by one group

within a molecule is assumed to be independent of that made
by any other group in that molecule.

Some thermodynamic

properties of pure fluids, e.g., heat capacity and critical
volume, can be calculated by summing group contributions.
Extension of this concept to mixtures was suggested by
Langmuir[4], and several attempts have been made to estab
lish group contribution methods for heats of mixing and for
activity coefficients.
2.

The UNIFAC Method

The UNIFAC method was devel

oped in 1975 by Fredenslund, Jones, and Prausnitz[2].

The

method has been revised and the range of applicabilty
expanded with a larger and more accurate set of UNIFAC
parameters [5].

The UNIFAC model is based on the analyt

ical- solution-of-groups (ASOG) method for activity coeffic
ients developed by Wilson and Deal[6].

The idea is to

utilize existing phase equilibrium data for predicting the
phase equilibrium behavior of systems for which no exper
imental data are available.

The fundamental assumptions of

the ASOG method are:
Assumption 1:

The logarithm of the activity coeffi

cient is assumed to be the sum of two contributions, a
combinatorial part essentially due to difference in size and
shape of the molcules in the mixture, and a residual part
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essentially due to energy interactions.

For molecule i in

any solution

InY. = lnZ±C + l n Y ^
Assumption 2:

(3)

The contribution from group interactions,

the residual part, is assumed to be the sum of the individ
ual contributions of each solute group in the solution less
the sum of the individual contributions in the pure compo
nent enviroment.

In* R = I vk (l)(lnrk - lnrk (l))
k

(4)

where k=l,2,* • • N,
N is the number of different groups in the mixture,
is the number of groups of type k in molecule i, lnT^ anc*
lnr^^

are defined in equations (5) and (6).

Assumption 3:

The individual group contributions in

any environment containing groups of kinds 1,2,* • • N are
assumed to be only a function of group concentrations and
temperature:
rk = F(X1 ,X2 ,• • Xn ,T)

(5)

rk (l) = f (x 1 ,x 2 ,* • x n ,t )

(6)

The group fraction X is defined by

6
I
i
X

x
(7)

k
II
ij

where 1=1,2,• • • M (number of components)
j=l,2,» • • N (number of groups)
Following the assumptions of the ASOG method, the
UNIFAC model was derived.
UNIFAC method,

and

For the residual part in the
are given by:

Ini’. = Q. (1- In (I 0 Y . )
k
^k'
v
m ink'
m
- I (0 Y. /I T ))
m km
nm
m
n

(8)

where
0m
m = Qm* m /(* QnXn )
n
m and n = l , 2 , » * * N

(9)

(all groups)

where Qn is group surface area parameters.

Equation(8)

also holds for r ^ 1 .

The equation is similar to the one
p
used in the UNIQUAC model for calculating
.
The group interaction parameter, ^m n / is given by

Ymn = exp(-(Umn -U nn)/RT) = exp(-a mn/T)
Where U

mn

(10)

is a measure of the energy of interaction between

groups m and n. The group interaction parameters a^n
be evaluated from experimental phase equilibrium data.

must
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a
mn

has units of Kelvins and a
= a
mn
nm

Parameters a
mn

and anm are obtained from a data base with a wide range of
experimental results.
The combinatorial part of the ASOG method is arbitrar
ily estimated using the athermal Flory-Huggins equation.
Much of this arbitrariness is removed in the UNIQUAC model.
The combinatorial part of UNIQUAC and UNIFAC is the same,
and accounts for contributions from differences in both
molecular size and molecular shape.

It is obtained from

well defined group volume and area constants

and

in equation(18).
$.
l
= In— + -q.ln— + 1 . - — lx .1 .
i
33
x.
2
§.
x.
l
l
l
§.

1

InZ .
i

z

(11 )

where
= 10
- (r± - 1) ; z=

1i = (ri "

0i = q ix i/(Z q . x )

j

J

(12)
(13)

J

$i = riK±/(l r.x.)
j

(14)

3=1,2,• • • M (number of components)
Kikic et. al. have recently shown that the combina
torial term tends to create too large a deviation from
ideality when the experimental activity coefficients were
taken from G.C. chromotographic data and that a slight
modification greatly improves predictions[7].
combinatorial term is written as:

The modified

8
Y.
1

lntf^

= In—

1

Y.

+ 1 - —

§.
1

- zq^(21n—

x.
l

x

1

§.

+ 1 - — )

(15)

0.
1

where z : coordination number = 10
q.

: the Van der Waals surface area

x.: mole fraction
l
0.: area fraction = q.x./Z q.x.
i
^i i/
j
r.
l

: the Van der Waals volume

/v
Y .:r .2/3
7 x ./I
i/
l i

2/3

x

The Van der Waals volume, r^, is given by:

r.
l

R

(16)

k

The Van der Waals surface area, q^, is given by:

=lk

vk (i)

<17>

k=l,2,* • • N (number of groups in molecules)
3.

UNIFAC Parameters

The UNIFAC group contribution

method considers a liquid mixture not as a solution of mole
cules, but rather a solution of groups.
Three types of group parameters are required, group
volume parameters (R^.), group surface area parameters (Q^)/
and group interaction parameters (a , a ).
mn
nm

9
Group parameters

and Qk are obtained from the Van

der Waals group volume and surface area V k and Ak given by
Bondi [8] :
Rk =Vk /15.17 and Qk =Ak/ 2 .5E9

(18)

The normalization factors 15.17 and 2.5E9 are those derived
by Abrams and Prausnitz for a CH^ group in polyethylene
[9].

Group interaction parameters have to be estimated from

experimental activity coefficients. The problem of fitting
the UNIFAC model to experimental activity coefficient data
is thus identical to finding the best values of a ^ .
The objective function for this fitting procedure is defined
as[10]

F = l I(In*.(exp) - In*.(UNIFAC))2
i j
1
3

(19)

where the summation are over all components (i) and data
points (j), thus including all binary data sets.
Only binary mixtures are used, but several different
mixtures should be used to estimate one pair of group inter
action parameters.

Generally it is desirable to use more

than ten binary systems to obtain a parameter pair.

C.

EXPERIMENTAL ACTIVITY COEFFICIENT

1.

Gas Chromatographic Method

For many years

analytical chemists have used specific retention volume data
from gas-liquid chromatogragy (GLC) to determine the activ
ity coefficient of a solute at infinite dilution in a
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stationary solvent phase (Kwanttes and Rijnders 1958; Proter
et. al. 1956; Locke 1976)
The initial work which described how thermodynamic
solution properties are derived from chromatographic meas
urements was that of Littlewood, Philips, and Price[ll].
The authors defined the concept of the specific retention
volume which allows a comparison of data between different
investigators independent of chromatographic variables.

The

specific retention volume is given by[12]:
Vg = 273.163/Tc

(20)

where
weight of solute per gram of stationary phase
& = -----------------------------------------------------------------

weight of solute per cc of gas at column temperature
Tc : column temperature
The thermodynamic treatment enables derivation of the
relation between partition coefficient 3 and measurable
properties of solute and solvent.

The system which is

defined by the partition coefficient consists of the solute
in equilibrium between the vapor phase and the solution.
Raoult's law describes the equilibrium between an ideal gas
with an ideal solution

P2 = X2P2°

<21>

Most of vapor liquid equilibrium systems don't obey
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Raoult's law.

The activity coefficient defines departures

from Raoult's law:

p2 = *2x2P2°

(22)

The above equation holds for Z^ , the activity coefficient,
in an infinitely dilute solution, where

approachs zero.

If n^ and n^ are the number of moles of solvent and solute,
then
n.
(23)

X2

nl + n2
If we assume that the solute concentration is always small
enough that n^ >> ^ , n^ may be neglected in comparision
with n^ in the denominator of the above equation.

The

number of moles, n, may be converted into weight units w, by
the relations:

(24)

1 = nl M1

(25)

2 = n2 M 2

where

and

are the molecular weights of the solvent

and solute respectively. Hence,

M 1w 2
x.

(2 6 )

M2W 1
Assume the ideal gas law holds for the vapor phase:

12
RTw,
(27)

P2V = n2RT =
M,

W2^W 1

ec3uat;‘-on (26) is the concentration of the solute

in the stationary phase, and v^/V is the concentration
of the vapor in the gas phase.

The definition of 3

relates these two terms by
w,

V
(28)

w.

V

Substitution of equation (26) and equation (27) into
equation (28) gives

X2M2

M2V
(29)
RT

M.

Substitution of equation (22) into equation (29) gives
RT
(30)

3 =
*2M 1P2

Substitution of equation (20) into equation (30) gives
273.16R
V

g

1.7027E7

=

(31)
M 1T2P2

M1*2P2

where p^0 is in mmHg, and
2.

is in grams per gram mole.

Activity Coefficient In Saturated Solution

The

solubility of a solute depends on its activity coefficient,
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which is a function of intermolecular forces between solute
and solvent, on the fugacity of the standard state to which
the activity coefficient refers ,and on the fugacity of the
pure solid.

The activity coefficient of a solute in a satu

rated solution is related to the solubility, x^, and
measurable thermodynamic properties by[13]:

ln*2

AH
T
lnx^ - ---(1 - — )
T,
RT
AC

T ,-T
P t
---(---- )
R
T

AC

T.
P
t
---ln( — )
R
T

(32)

where T^: triple point of solvent
AH^: heat of fusion of solute
ACp ‘ <“'p( liquid)

<~'p( solid)

Two simplifications in equation(32) can be made, which cause
little error.

First, the normal melting temperature may be

used in place of T^ and AHf may be taken as the heat of
fusion at the melting temperature rather than at the triple
point.

Second, the sum of the third and fourth terms in

right hand side of equation (32) is always small compared to
the first and second terms, and can be neglected.

The

simplified equation (32) becomes

AHf
T
ln*2 = lnx^ - ---(1 - — )
RT

(33)
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III.

A.

RESULTS

ANALYSIS OF EXPERIMENT

1.

Activity Coefficients From GC Data

Infinite

dilution activity coefficients were obtained for acetic
anhydride ,furan and 2-methyl furan in squalane and squalene
at suitable temperatures.

Toluene, benzene and chloroform

were used as reference substances for comparison with data
in the literature[14].

The specific retention volumes

(V ) were determined from the expression developed by
Litterwood and coworkers[11]:

v

g

F 273.2 P -P 3 (P./P )2-l
o w
' l o
= t ------------------------- --- W

where

Tf

Po

2 '
(P./P
l o ) “1

: retention time
: flowrate of carrier gas
: weight of stationary phase
: column outlet pressure
: vapor pressure of water at T^.
: column inlet pressure
: temperature of soap-film flow meter °K
: specific corrected retention volume of the
solute in c.c. of carrier gas per gram of
stationary phase

(34)
' '
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With the calculated retention volume, equation (34) can be
used to calculate infinite dilution activity coefficients.
The results are shown in Tables I and II.
To best utilize the available infinite dilution data
from chromatographic measurements, the Flory-Huggins theory
was chosen to predict "experimental" activity coeffcients at
finite concentrations.

This theory is suitable for systems

where the molecules differ greatly in size, and should
therefore, be particularly useful for chromatographic
systems.
According to Flory-Huggins theory , the activity coef
ficient of solute 2 is
lnir2 = ln( 1 - (1 - l/m)§1 )
+ (1 - l/m)

ix+ x*x2

(35)

x is an empirical energy parameter, and

is the volume

fraction occupied by the polymer solvent.

For the GC exper

iments solute was infinitely dilute in the polymer, and for
this case the above equation becomes
X = ln(my2°°) - 1 + l/m

(36)

m is the number of "segments" in the polymer molecule and is
usually set equal to the ratio of molar volumes of polymer
to solute.

Molar Flory-Huggins data for most of the chroma

tographic stationary phases are not available, so the ratio

16

TABLE I
Infinite Dilution Activity Coefficients of
Solute in Squalane from Gas Chromatography

solute

T

vg 0

(°C)

3
(cm /g)

(mmHg)

chloroform

73.9

59.04

p-dioxane

94.0

benzene

toluene

furan

2-methyl
furan
acetic
anhydride
a

P7°
2

*2~

Y2°6(lit.)

1108.

0.616

0.624a

217.9

606.4

0.305

73.9

101.2

625.33

0.637

0.633a

94.0

55.63

1142.7

0.634

0.629b

73.9

254.2

234.9

0.675

0.656a

93.1

131.7

449.9

0.686

0.664b

73.9

21.2

2876.9

0.662

93.1

13.2

4671.

0.654

73.9

58.2

1185.3

0.584

93.1

31.65

2257.5

0.564

90.0

138.2

165.4

1.749

value in literature at 74.1°C [14]

b value in literature at 93.9°C [14]
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TABLE II
Infinite Dilution Activity Coefficients of
Solute in Squalene from Gas Chromatography

solute

T

V

(°C)

(cm3/ g )

(mmHg)

chloroform

90.0

47.9

1742.

0.505

p-dioxane

90.0

157.7

532.5

0.494

benzene

90.0

67.9

1018.

0.600

toluene

90.0

149.8

405.4

0.683

furan

90.0

15.2

4320.

0.632

2-methyl
furan

90.0

35.9

2036.3

0.568

acetic
anhydride

90.0

75.2

145.6

3.781

a

g

P2°

x-

value in literature at 80.0°C [15]

*2"(lit.)

0.500a
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of molar volumes, m, was estimated by summing the function
group volumes used in UNIFAC.

^ Ri^solvent
m = -------------(E
, .
v R.j )
'solute

(37)

where i, j are indices running over all functional groups in
the solvent and solute, respectively [16].
The x value was determined from equation (36).

Equation

(35) was used to generate "data" over a concentration range.
The Flory-Huggins generated "data" above a solute mole frac
tion of 0.4 were not used as input to the objective function.
The ratio of experimental X

values to Flory-Huggins "data"

varied between 1:1 and 1:2 [17].
Tables III-VIII are activity coefficients of the solute
generated by Flory-Huggins theory.

Activity coeffcients of

the solvent were generated by the Gibbs Duhem equation.
31n2T1
X l(

ain*2
*T,P + X2^

3x2

^T,P = 0

(38*

3X2

The Gibbs Duhem equation provides a method for calculating
activity coeffcients of one compound when values for the
other are available.
2. Saturated Activity Coefficients From Solubility Data
Solubilities of succinic anhydride and trioxane in furan
and 2-methyl furan as well as maleic anhydride in p-dioxane
were measured.

The activity coefficient of a saturated

19

TABLE III
Activity Coefficients of Acetic Anhydride (2) in
Squalane(l) at 363.2°K from the Flory-Huggins Equation

X2

*2

0.000

1.749

1.001

0.188

1.795

1.002

0.304

1.797

1.003

0.438

1.768

1.010

0.537

1.725

1.034
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TABLE IV
Activity Coefficients of Acetic Anhydride (2) in
Squalene(l) at 363.2°K from the Flory-Huggins Equation

X2

*2

h

0.000

3.781

1.00 00

0.200

3.590

1.0034

0.350

3.287

1.037

0.450

3.065

1.093
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TABLE V
Activity Coefficients of Furan (2) in
Squalane(l) at 347.2°K from the Flory-Huggins Equation

X2

*2

0.000

0.662

1.000

0.100

0.711

0.996

0.200

0.765

0.983

0.300

0.822

0.960

0.400

0.883

0.924
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TABLE VI
Activity Coefficients of Furan (2) in
Squalene(l) at 363.2°K from the Flory-Huggins Equation

X2

*2

h

0.000

0.632

0.999

0.100

0.680

0.996

0.200

0.732

0.983

0.300

0.787

0.959

0.400

0.846

0.923
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TABLE VII
Activity Coefficients of 2-Methyl Furan(2) in
Squalane(l) at 347.2°K from the Flory-Huggins Equation

X2

*2

h

0.000

0.584

1.000

0.100

0.626

0.996

0.200

0.671

0.984

0.300

0.720

0.961
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TABLE VIII
Activity Coefficients of 2-Methyl Furan(2) in
Squalene(l) at 363.2°K from the Flory-Hugins Equation

X2

*2

0.000

0.568

1.000

0.100

0.609

0.996

0.200

0.654

0.984

0.300

0.703

0.960

0.400

0.754

0.924
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solution at concentration

in equation (32) is expressed

in terms of the heat of fusion, AH^., and heat capacity
difference between liquid and solid AC^.
properties are in Table IX.

The thermodynamic

Table X shows solubilities and

activity coefficients of the solutes.
3.

Prediction Of Interaction Parameters

One objec

tive of this study was to predict UNIFAC parameters for the
functional groups which are in maleic anhydride, 2-methyl
furan and p-dioxane.

Experimental and generated activity

coefficients were used for this purpose.

These activity

coefficients were fit to an objctive function, to obtain the
best group interaction parameters.

The objective function

was minimized by means of a sequential search procedure
developed by Nelder and Mead [23].

A computer program based

on this method to predict group interaction parameters is
available [10].

The program was written for binary mixtures.

However the program was modified to predict group inter
action parameters with only saturated activity coefficient
data calculated by equation (33).

Again the combinatorial

term of the program was rewritten as the modified combina
torial term of Kikic et. al.
There are five main groups in the compounds under
study.

They are alkane, alkene, ether, furan and anhydride.

There are four subgroups in the alkane main group and two
subgroups in the ether main group (e.g. C, CH, CH2 / CH^/ and
0CH2 , OCH)

[18].

The Van der Waals group surface areas and

group volumes of all main groups and subgroups are listed in
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TABLE IX
Thermodynamic Properties

furan

a

trioxane

b

j•
c
p-dioxane

melting
temperature

-85.7

61.5

11.8

heat of
vaporization
(kcal/gmole)

6.474

9.943

8.677

1.145

2.974

heat of
fusion
(kcal/gmole)
solid heat
capacity

liquid heat
capacity

---

---

(C 1 )
a calculated from vapor pressure data [18]
b calculated from vapor pressure data [19]
c data from [20]
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TABLE IX
Thermodynamic Properties
(continue)

2-methyl a
furan
melting
temperature

. . b
succinic
anhydride

, . c
maleic
anhydride

119.5

55.5

heat of
vaporization
(kcal/gmole)

7.886

13.63

13.1

heat of
fusion
(kcal/gmole)

---

6.9

3.26

solid heat
capacity

---

---

0.285

liquid heat
capacity

---

---

0.396

a calculated from vapor pressures data [20]
b calculated from vapor pressures data [21]
c data from [22]
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TABLE X
Solubility and Saturated Activity Coefficients

solvent(1)

solute(2)

furan

X2

*2

succinic
anhydride

.0004

129.8

2-methyl
furan

succinic
anhydride

.0004

119.3

2-methyl
furan

trioxane

0.384

2.069

p-dioxane

maleic
anhydride

0.62

0.954

furan

trioxane

0.452

1.756
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Table X I .

The

of furan was obtained by subtracting the

group from R^. of furfural.
the same way.

The

was obtained by

With the modified computer program, the

predicted interaction parameters are in Table XII.

Figures

1-4 are experimental and generated activity coefficients
compared with activity coefficients calculated from UNIFAC
and the group interaction parameters in Table XII.
4.

Calculation of Equilibrium Constant

The equi

librium constant of the Diels Alder reaction A + B = C is
expressed in equation (1).

Thompson in his Ph.D disserta

tion measured two sets of equilibrium mole fractions at
45°C. With these equilibrium mole fractions, activity
coefficients for each component were calculated by use of
the modified UNIFAC model.

The two sets of equilibrium mole

fractions and calculated activity coefficients are shown in
Tables XIII and XIV.

Equation (1) was used to calculate

K , K and then the equilibrium constant, K.
o
X

These

results are in Table XV.

B.

CONCLUSION AND DISCUSSION

Two different equilibrium constants were obtained for
the two sets of equilibrium mole fractions.

The ratio of

the two equilibrium mole fraction constants in Table 16 is
1.569.

The activity coefficient correction makes the ratio

of the two equilibrium constants equal to 1.124.

The equi

librium constants should be the same since the two sets of
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TABLE XI
Group Volume And Surface Area

group
volume

surface
area

Rk
0.9011

0.848

ch2

0.6744

0.540

CH

0.4469

0.228

C

0.2195

0.000

CH=CH

1.1167

0.867

0CH2

0.9183

0.780

OCH

0.6908

0.468

2.170

1.533

1.775

1.520

CH3

0C4H3
ococo
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TABLE XII
Interaction Parameters

OCOCO

CH3

CH=CH

0CH2

0C4H3

CH— 3

0.000

-200.

251.5

-256.8

240.5

CH=CH

2520.

.000

289.3

691.3

4597.

83.36

76.44

0.000

172.6

161.6

OC.H—
4-3

842.6

-271.7

163.7

0.000

12918

OCOCO

1835.

983.7

-271.7

2549.8

0.

0CH2

A c t i v i t y C o e ffic ie n t
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Figure 1.

Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalane (1) and
acetic anhydride (2) at 363.2°K

A c t i v i t y C o e ff ic ie n t
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Figure 2.

Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalene (1) and
acetic anhydride (2) at 363.2°K

A c t i v i t y C o e ff ic ie n t
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Figure 3.

Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficients of squalane (1) and
furan (2) at 347.2°K

A c t i v i t y C o e ffic ie n t
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Figure 4.

Flory Huggins and Gibbs Duhem generated and UNIFAC
predicted activity coefficents of squalane (1) and
2-methyl furan(2) at 347.2°K
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TABLE XIII
Equilibrium Mole Fraction [1] and Activity Coefficient
Calculated by UNIFAC for Equilibrium System No.l

mole
fraction

activity
coefficient

maleic
anhydride

0 1118

0.749

2-methyl
furan

0 1118

2.027

adduct

0 065

0.596

p-dioxane

0 711

0.913
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TABLE XIV
Experimental Mole Fraction [1] and Activity Coefficient
Calculated by UNIFAC for Equilibrium System No.2

mole
fraction

activity
coefficient

maleic
anhydride

0.1924

1.398

2-methyl
furan

0.1924

2.420

adduct

0.302

0.952

p-dioxane

0.313

0.620
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TABLE XV
Equilibrium Constant K

system

K

1

5.2

0.392

2.041

2

8.16

0.281

2.295

K

X
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data were both at 45°C.

The 12.4 % difference is a measure

of accuracy of the UNIFAC method employed in this study.

In

other words, the UNIFAC method is much better than an ideal
solution assumption (which leads to an equilibrium constant
ratio of 1.569) but it is not perfect.
of possible sources of error.

There are a number

One of them is the error in

the experimental activity coefficients and in the activity
coefficients generated by the Flory-Huggins equation.

The

uncertainties in the experimental activity coefficients are
estimated to be less than 5 % in Table 1 and 10 % in Table
2.

These errors lead to uncertainties in the UNIFAC group

interaction parameters.

The interaction parameters

predicted in this study are based on only one or two binary
systems.

Activity coefficients of acetic anhydride in squa

lane were used to predict the interaction parameters between
the OCOCO and CH2 groups.

Effects of secondary groups

surrounding the OCOCO and CH2 groups were not taken into
account.

Another possible source of error is that the

compounds used in the GC and solubility experiments might
not be suitable for the compounds under study.

For example,

as a first attempt, experimental activity coeficients for
maleic anhydride and ethyl ether [24] were used to predict
interaction parameters for the 0CH2 an<3 OCOCO groups.
When this set of interaction parameters was used to predict
activity coefficients of maleic anhydride in p-dioxane, the
results were completely unsatisfactory.

We suspect there

may be considerable association in the systems that contain
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maleic anhydride and p-dioxane that is not accounted for
when the 0CH2 groups are contained in ethyl ether.

The

applicability of the UNIFAC model itself might be questioned
for the system in this study.

This is because of the strong

associations that we suspect occur; the unusual variation of
the activity coefficients of maleic anhydride, p-dioxane,
and the adduct with mole fractions as shown in Tables XIII
and XIV is consistent with this.
Although the predicted activity coefficients for the
Diels Alder reaction between maleic anhydride and 2-methyl
furan in p-dioxane are not exact, the UNIFAC model can still
be used to predict the equilibrium mole fraction of the
adduct.

Figure 5 shows the equilibrium mole fractions of

the components of the system under study predicted by the
UNIFAC method and by the ideal solution theory for an equal
number of moles of maleic anhydride and 2-methyl furan at
45°C.

Figure 6 shows percent conversion of initial maleic

anhydride (or 2-methyl furan) versus initial mole fraction
of p-dioxane at 45°C.

Initial mole fraction of maleic

anhydride and 2-methyl furan are the same.

Figure 7 shows

the ratio of conversion of maleic anhydride (or 2-methyl
furan) predicted by the UNIFAC method to that predicted by
the ideal solution theory.

Again the initial number of

moles of maleic anhydride and 2-methyl furan are the same,
and the temperature is 45°C.

In figures 5-7, ideal solution

theory was applied in such a manner that the ideal solution
and UNIFAC results were identical for an initial dioxane
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t

Equilibrium Mole Fraction

09

0 .7

-

--------------------

i

i---- 1---- 1---- r

UNIFAC Predictions for
MA or 2-MF
Adduct
Ideal Solution Predictions for
MA or 2-MF
Adduct
Experimetal Data

Mole Fraction
Figure 5.

Equilibrium mole fraction predicted by UNIFAC and ideal
solution theory vs. mole fraction dioxane (in equilib
rium mixture) for an equal number of moles of maleic
anhydride and 2-methyl furan at 45°C

P e rcen t C o n v e rs io n
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Figure 6.

Percent conversion of initial maleic anhydride (or 2methyl furan) versus initial mole fraction of dioxane.
Initial mole fractions of MA and 2MF are the same.

Ratio of Predicted Conversion, UNIFAC to Ideal

43

Figure 7. Ratio of maleic anhydride (or 2-methyl furan) conversion
predicted by UNIFAC to that predicted by ideal solution
theory versus initial mole fraction of p-dioxane.
Initial mole fraction of MA and 2MF are the same.
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mole fraction of 0.4.
sets of results.

This is the average of Thompson's two

Figures 6 and 7 indicate the maginitude of

the error one would encounter if nonidealities were ignored.
Figure 7 shows that, given Thompson's data, and taking
activity coefficients as unity, the predicted conversion
would be 8 % too low for the case of little or no solvent
(concentrated solution) and 31 % too high for the infintely
dilute case.

An alternate situation might be if exper

imental compositions were available for an infinitely dilute
solution and one wished to predict equilibrium compositions
for the case when the reacting materials were concentrated.
Ideal solution theory (for the reaction under study) would
lead to a predicted conversion approximately 40 % too high.
While sufficient experimental data are not available to
accurately establish the UNIFAC error, we expect UNIFAC
predictions for equilibrium conversions to be good to + 10
%•
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APPENDIX A

MODIFICATION OF COMPUTER PROGRAM IN LITERATURE
C
C MODIFICATION OF COMPUTER PROGRAM IN "VAPOR LIQUID EQUILIBRIUM
C USING UNIFAC" BY AAGE FREDENSLUND PAGE 226 [10]
C
C
********************************************************
C
*** SUBROUTINE PFAC3
***
Q

********************************************************

2

SUBROUTINE PFAC3(RS,QS,XL,NOBS)
DIMENSION THETA(2),PHI(2),RS(10),QS(10),XL(10),SSP(10)
COMMON T (100),NM(100,2),XXX(100,2),GME(100,2),GMC(100,2),GMR(100,2
*),NNY(10,10),Q (10),A(10,10)
DO 3 N=1,NOBS
SQ=0.
SR=0.
SXL=0.
SP=0.
DO 2 1=1,2
J=NM(N,I)
SXL=SXL+XL(J)*XXX(N,I)
SO=SQ+QS(J)*XXX(N,I)
SP=SP+RS(J )**0.66667*XXX(N,I)
SR=SR+RS(J)*XXX(N,I)
DO 3 1=1,2
J=NM(N ,I)
THETA(I)=QS(J )/SQ
SSP(I)=RS(J )**0.66667*XXX(N,I)/SP
PHI(I)=RS(J)/SR

C
C KIKIC ET.AT. MODIFICATION ON COMBINATORIAL TERM WAS USED
C
GMC(N,I)=ALOG(SSP(I)/XXX(N,I))+1-SSP(I)/XXX(N,I)-5.*QS(J)* (ALOG(
*PHI(I)/THETA(I))+l.-PHI(I)/THETA(I))
C
C ORIGINAL UNIFAC COMBINATORIAL TERM WAS USED
C
C

q

C
Q

GMC(N,I)=ALOG(PHI(I))+5.*QS(J )*ALOG(THETA(I)/PHI(I))+XL(J)-PHI(I)*
*SXL
3
CONTINUE
RETURN
END
* ***************************

SUBROUTINE FMIN
****************************

SUBROUTINE FMIN(NPAR,IPAR,PAR,NOBS,NG,XX,FF,KRIT,JENS,IDEN)
DIMENSION IPAR(4),PAR(4),XX(4),JENS(IO)
COMMON T (100),NM(100,2),XXX(100,2),GME(100,2),GMC(100,2),GMR(100,2
*) ,NNY(10,10),Q(10),A(10,10)
DO 2 1=1,NPAR,2
KI=IPAR(I)
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2
8

7
9

200

KJ=IPAR(1+1)
A ( K I,K J ) = X X ( I )
A (K J,K I)= X X (I+ 1 )
I F ( IDEN)9 , 9 , 8
KKI=JENS(1)
KKJ=JENS(2)
DO 7 J = 3 , ID EN ,2
IK I= JE N S (J )
IK J= JE N S (J+ 1 )
A ( I K I , IK J) = A ( K K I, KKJ)
A ( I K J , IK I) = A ( K K J, KKI)
CONTINUE
CONTINUE
CALL PFAC4(NG,NOBS)
DO 200 NR=1,NOBS
DO 200 1=1,2
GHR(NR, I)=GMC(NR, I)+GMR(NR, I )
GMR(NR, I)=EXP(GMR(NR, I ))
CONTINUE
FF=0.
DO 3 N=1, NOBS

C
C MODIFICATION OF PROGRAM TO USE ONLY ONE COMPONENT OF ACTIVITY
C COEFFICIENT TO FIT OBJECTION FUNCTION
C
C
DO 3 1=1,1
DO 3 1=1,2
I F ( K R I T - l ) l O ,10,2 0
10 FF=FF+ (GM R (N ,I)-G M E(N ,I))**2
GO TO 3
20 GCAL=GMR(N, I )
GEXP=GME(N, I )
FF=FF+(ALOG(GCAL) - ALOG(GEXP) ) **2
3
CONTINUE
RETURN
END
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APPENDIX B

CALCULATION OF ACTIVITY COEFFICIENT BY THE UNIFAC METHOD

DIMENSION SUMRR( 1 0 ) , SUMQQ( 1 0 ) ,R ( 1 0 ) ,Q ( 1 0 ) ,T T H I ( 1 0 , 2 0 ) ,PPH(20,20)
* / STTPH(5, 10) , P H I( 1 0 ) , T H I( 1 0 ) ,RL(10),GAMMAC(10),SUMX(10),FHI(10)
DIMENSION SUM1( 5 , 1 0 ) ,SUM2(5, 1 0 , 1 0 ) ,SUM4(5, 1 0 ) ,X P ( 1 0 ) ,R S (5,10 )
DIMENSION STHPH(IO),THTA(10),SSUM2(10),SSUM4(10),TTK(10),SUM5(10)
* , TKK( 5 , 1 0 ) , GAMMAR( 1 0 ) ,T V (1 0 ),L N V (1 0 ),S S U M 3 (1 0 ),Q S (5 ,1 0 )
COMMON TEMP, NUMC, NUMG, NV( 5 , 1 0 ) , QP( 1 0 ) , RR(10)
COMMON Q Q (10), PH( 1 0 , 1 0 ) , TK(10,10)
C
C
C
C
C
C
C
C

NUMC
: NUMBER OF COMPONENT
NUMG:NUMBER OF DIFFERENT GROUP
R : GROUP VOLUME PARAMETERS
Q:GROUP SURFACE AREA PARAMETERS
PPH:GROUP INTERACTION PARAMETERS
NV( I , J ) : THE NUMBER OF GROUPS OF KIND J IN MOLECULE I
WRITE(6,2001)

C
C
C

INPUT NUMC,NUMG,TEMP
READ( 5 ,* ) NUMC, NUMG, TEMP

C
C
C

INPUT R

Q

READ( 5 ,* )
READ( 5 ,* )
C
C
C
2100
C
C
C
2101
C
C
C

2201
2200
2202
C
C

(R (J),J= 1 ,N U M G )
(Q (J),J= 1 ,N U M G )

INPUT PPH
DO 2100 1 = 1 ,NUMG
READ( 5 ,* ) (P P H (I, J ) , J=1,NUMG)
INPUT NV
DO 2101 1= 1,NUMC
READ( 5 ,* ) (NV( I , J ) , J = 1 , NUMG)
INPUT MOLE FRACTION
READ( 5 ,* ) (XP(I),1 = 1 ,NUMC)
DO 2200 1 = 1 ,NUMC
DO 2201 J = 1 , NUMG
RS(I , J)= R (J )
Q S ( I,J) = Q ( J)
CONTINUE
DO 2202 J = 1 , NUMG
Q P ( J) = Q ( J)
THE FOLLOWING PROGRAM I S USED TO CALCULATE
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C
C

102

101
C
C
C
C

105
106
C
C
C
C
C

108
107

112
111
110

115

116
114
113
C
C
C
C

THE SUM OF GROUP VOLUME AND AREA PARAMETERS
DO 101 N =1, NUMC
SUMRR(N)=0.0
SUMQQ(N)=0.0
DO 102 M=1,NUMG
SUMRR(N)=SUMRR(N)+RS(N, M)*NV(N,M)
SUMQQ(N)=SUMQQ(N)+QS(N,M)*NV(N,M)
RR(N)=SUMRR(N)
QQ(N)=SUMQQ(N)
CONTINUE
THE FOLLOWING PROGRAM IS USED TO CALCULATE
THE GROUP AREA FRACTION OF EACH COMPONENT
DO 106 N=1,NUMC
DO 105 M=1,NUMG
TTHI(N, M)=QS(N, M)*NV(N, M)/ QQ (N)
CONTINUE
THE FOLLOWING PROGRAM IS USED TO CALCULATE THE RESIDUAL ACTIVITY
COEFFICIENT OF GROUP M IN REFERENCE SOLUTION CONTAIN ONLY
MOLECULE OF TYPE N
DO 107 J = 1 , NUMG
DO 108 1 = 1 ,NUMG
PH(J , I )=EXP( -PPH( J , I ) /TEMP)
CONTINUE
DO 110 N=1,NUMC
DO 111 M=1,NUMG
STTPH ( N , M)=0.
DO 112 J = 1 , NUMG
STTPH(N, M )=STTPH(N,M)+TTHI(N,J)*PH(J,M)
CONTINUE
CONTINUE
DO 113 N=1, NUMC
DO 114 M=1, NUMG
SUM1(N ,M )=ALOG(STTPH(N,M))
DO 115 J=1,NUMG
SUM2(N, J,M ) = T T H I( N , J)*P H (M , J ) / STTPH(N, J )
SUM4(N, M)=0.
DO 116 J = 1 , NUMG
SUM4(N, M)=SUM4(N, M)+SUM2(N, J,M )
T K (N ,M )= Q S(N ,M )*(1 •-SUM1(N, M)-SUM4(N,M))
CONTINUE
CONTINUE
THE FOLLOWING PROGRAM IS USED TO CALCULATE THE COMBINATORIAL
ACTIVITY COEFFICIENT
SUMPHI=0.
SUMFHI=0.
SUMTHI=0.
DO 555 1 = 1 ,NUMC
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555

103

556
104
C
C
C
C

281
280

557

120
121
282

124
123

125

231
230

126

127

SUMPHI=SUMPHI+XP( I ) *RR( I )
SUMFHI=5UMFHI+XP( I ) *RR( I )**(0.666 66 7)
SUMTHI=SUMTHI+XP( I ) *QQ( I )
CONTINUE
DO 103 N=1, NUMC
PHI(N)=XP(N)*RR(N)/SUMPHI
F H I(N )= X P (N )*R R (N )**(0 .66667)/SUMFHI
THI(N)=XP(N)*QQ(N)/SUMTHI
R L ( N ) = 5 .* ( R R ( N ) - Q Q ( N ) ) - ( R R ( N ) - l. )
CONTINUE
SUMRL=0.
DO 556 1 = 1 ,NUMC

SUMRL=SUMRL+XP(I)*RL(I)
DO 104 N=1, NUMC
GAMMAC(N)=ALOG(FHI(N)/XP(N))+l. -F H I( N ) / X P (N ) - 5 . *QQ(N)*
$ (A LO G (P H I(N )/T H I(N ))+ l. - P H I(N ) / T H I( N ) )
THE FOLLOWING PROGRAM I S USED TO CALCULATE THE GROUP ACTIVITY
COEFFICIENT
DO 280 N=1,NUMC
LNV(N)=0
DO 281 M=1,NUMG
LNV(N)=LNV(N )+NV(N , M)
CONTINUE
SFR=0.
DO 557 1 = 1 ,NUMC
SFR=SFR+LNV(I ) *X P ( I )
DO 121 M=1, NUMG
SUMX(M)=0.
DO 120 N=1, NUMC
SUMX(M)=XP(N)*NV(N,M)+SUMX(M)
CONTINUE
DO 282 M=1, NUMG
SUMX(M)=SUMX(M)/SFR
STHTA=0.
DO 124 M=1,NUMG
STHTA=STHTA+QP(M)*SUMX(M)
DO 123 M=1,NUMG
THTA(M)=SUMX(M)*QP(M)/STHTA
DO 128 K=1, NUMG
STHPH(K)=0.
DO 125 M=1, NUMG
STHPH(K)=STHPH(K)+THTA(M) *PH(M, K )
DO 230 J=1,NUMG
SSUM3( J ) = 0 .
DO 231 1 = 1 ,NUMG
SSUM3( J )=THTA( I ) *PH( I , J ) +SSUM3(J )
CONTINUE
DO 126 1 = 1 ,NUMG
SSUM2(I)=THTA(I)*PH(K,I)/SSUM3(I)
SSUM4(K)=0.
DO 127 1 = 1 ,NUMG
SSUM4(K)=SSUM4(K)+SSUM2( I )
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TTK(K)=QP(K)*(1.-AL0G(STHPH(K))-SSUM4(K))
CONTINUE
DO 130 N=1,NUMC
SUM5(N)=0.
DO 129 H=1, NUMG
TKK(N,M)=(TTK(M)-TK(N,M))*NV(N,M)
129
SUM5(N)=SUM5(N)+TKK(N,M)
130
GAMMAR(N)=SUM5(N)
DO 131 N =1, NUMC
131
TV(N)=EXP(GAMMAR(N )+GAMMAC(N ))
WRITE(6,2002) ( T V ( I ) ,1 = 1 ,NUMC)
2002 FORMAT( I X , 10F7.3)
2001 FORMAT( 1H1,2X,'CALCULATION OF ACTIVITY COEFFICIENTS BASED ON THE
*GIVEN R Q P PH' , / / )
STOP
END
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